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Nutrient starvation or inactivation of target of rapamycin complex 1 (TORC1) in budding yeast induces nucleophagy, a 
selective autophagy process that preferentially degrades nucleolar components. DNA, including ribosomal DNA (rDNA), 
is not degraded by nucleophagy, even though rDNA is embedded in the nucleolus. Here, we show that TORC1 inactivation 
promotes relocalization of nucleolar proteins and rDNA to different sites. Nucleolar proteins move to sites proximal to the 
nuclear–vacuolar junction (NVJ), where micronucleophagy (or piecemeal microautophagy of the nucleus) occurs, whereas 
rDNA dissociates from nucleolar proteins and moves to sites distal to NVJs. CLIP and cohibin, which tether rDNA to the 
inner nuclear membrane, were required for repositioning of nucleolar proteins and rDNA, as well as effective nucleophagic 
degradation of the nucleolar proteins. Furthermore, micronucleophagy itself was necessary for the repositioning of rDNA 
and nucleolar proteins. However, rDNA escaped from nucleophagic degradation in CLIP- or cohibin-deficient cells. This study 
reveals that rDNA–nucleolar protein separation is important for the nucleophagic degradation of nucleolar proteins.
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Introduction
Macroautophagy degrades cytoplasmic components and organ-
elles in lysosomes/vacuoles, which is a conserved system from 
yeast to mammalian cells (Nakatogawa et al., 2009; Reggiori and 
Klionsky, 2013). Newly generated cup-shaped structures, called 
isolation membranes, expand to encapsulate cellular constitu-
ents, and then the edges of the isolation membranes fuse to form 
double membrane–surrounded autophagosomes. Subsequently, 
autophagosomes fuse with lysosomes/vacuoles, and the encap-
sulated cargoes are digested by lysosomal/vacuolar hydrolytic 
enzymes. Isolation membrane expansion requires various types 
of autophagy-related (ATG) proteins, including isolation mem-
brane-associated protein Atg8. In contrast, microautophagy 
degrades cargos by direct lysosomal/vacuolar engulfment of the 
cytoplasmic cargo without isolation membranes. Cytoplasmic 
material is trapped in the lysosome/vacuole by the process of 
membrane invagination. Little is known about microautophagy 
(Müller et al., 2000; Sattler and Mayer, 2000; Kunz et al., 2004).

Nucleophagy, the process of autophagic degradation of 
a nonessential portion of the nucleus, including portions of 
the nuclear membrane and the nucleolus, is found in budding 
yeast Saccharomyces cerevisiae (Roberts et al., 2003; Kvam 
and Goldfarb, 2007; Mochida et al., 2015). In macronucleop-
hagy, autophagosomes sequester this nonessential portion of 

the nucleus and subsequently fuse with lysosomes/vacuoles, 
resulting in the degradation of their contents. In budding yeast, 
macronucleophagy is dependent on the outer nuclear membrane 
receptor Atg39, which promotes preferential engulfment of car-
gos by isolation membranes (Mochida et al., 2015). In addition, 
the ER membrane receptor Atg40, which is also located in peri-
nuclear ER membranes (nuclear outer membranes), is partially 
involved in macronucleophagy (Mochida et al., 2015). Yeast cells 
lacking Atg39 cannot effectively survive in starvation conditions 
(Mochida et al., 2015). This suggests that nucleophagy (at least 
macronucleophagy) is critical for survival in such conditions, 
although the biological/physiological importance of nucleophagy 
for survival is unclear.

In contrast, micronucleophagy (also known as piecemeal 
microautophagy of the nucleus) targets parts of the nucleus for 
degradation without isolation membranes. The nucleus and the 
vacuole closely associate via nuclear–vacuolar junctions (NVJs), 
which involves interactions between the outer nuclear mem-
brane protein Nvj1 and the vacuolar membrane protein Vac8 (Pan 
et al., 2000; Roberts et al., 2003). The NVJ invaginates toward 
the vacuolar lumen and evolves into a teardrop-like bleb, which 
pinched off from the nucleus into the vacuolar lumen. This ves-
icle contains nuclear material and is degraded inside vacuoles 
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(Roberts et al., 2003). Krick et al. (2008) investigated their 
involvement using many ATG mutant cells, but the assessment 
was inaccurate, because macronucleophagy had not been found 
at that time and defects in nucleophagy resulted from micronu-
cleophagy and/or macronucleophagy. The involvement of ATG 
proteins in micronucleophagy remains elusive at present.

Similar to other autophagic processes, macronucleophagy and 
micronucleophagy are both induced by nutrient starvation and 
inactivation of target of rapamycin complex 1 (TORC1) kinase 
(Roberts et al., 2003; Mochida et al., 2015). Nucleophagy was 
monitored using the processing of several proteins fused to GFP, 
including Nvj1-GFP and Nop1-GFP; Nop1 (fibrillarin in mammals) 
is a nucleolar ribosome biogenesis/maturation (Ribi) protein 
(Krick et al., 2008; Dawaliby and Mayer, 2010; Mochida et al., 
2015). Free GFP is produced from these fusion proteins during 
autophagic processes, because Nvj1 and Nop1 are degraded by 
vacuolar proteases during the autophagic process, whereas 
GFP is a stably folded protein and relatively resistant to vac-
uolar proteases.

In contrast to the nucleolus, in yeast, chromosomal DNA is 
excluded from nucleophagy through an undefined mechanism 
(Roberts et al., 2003; Millen et al., 2009). This indicates that 
ribosomal DNA (rDNA; encoding rRNA) also escapes from nuc-
leophagy, even though it is a core component of the nucleolus. 
How does nucleophagy preferentially degrade nucleolar compo-
nents? How does rDNA escape from nucleophagy? In this study, 
we addressed these questions and found that after TORC1 inac-
tivation, rDNA and nucleolar proteins were dynamically relo-
cated in opposing manners and were thereby separated from 
each other. In addition, the rDNA-tethering CLIP–cohibin sys-
tem and nucleophagy are required for these motions. Thus, this 
study revealed key events for selective degradation of the specific 
nuclear component.

Results
TORC1 inactivation triggers intranuclear repositioning of 
nucleolar proteins and rDNA
Nucleophagy preferentially degrades nucleolar proteins. Micro-
nucleophagy occurs in a limited region, namely the NVJ, but it 
is unknown where macronucleophagy occurs on the nuclear 
membrane. We wondered whether nucleolar proteins are local-
ized at an intranuclear region suitable for nucleophagy, namely 
at or near the NVJ. To test this idea, we observed the relative posi-
tions of nucleolar proteins (monitored using RFP-Nop1) and the 
NVJ (monitored using Nvj1-GFP). Nvj1 accumulated at the NVJ in 
addition to slight distribution throughout the nuclear envelope 
(Pan et al., 2000; Fig. 1 A). Nucleolar proteins were localized near 
the nuclear envelope, but not near the NVJ in normal conditions 
(Fig.  1 A, control). However, we found that nucleolar proteins 
accessed the NVJ after rapamycin treatment (Fig. 1 A, +Rap). We 
measured the distance between nucleolar proteins and the NVJ 
before and after rapamycin treatment (Fig. S1 A) and found that 
the distance decreased after rapamycin treatment (Fig. 1 A, right). 
Similar observations were also obtained using another nucleolar 
protein Nop58 (data not shown). These findings indicated that 
TORC1 inactivation promoted access of nucleolar proteins to the 

NVJ, which should be necessary for the preferential degradation 
of nucleolar proteins by nucleophagy.

In contrast, DNA is not degraded by nucleophagy (Roberts et 
al., 2003; Millen et al., 2009), although rDNA is a core structure 
of the nucleolus. This allowed us to speculate that after rapamy-
cin treatment, rDNA might show a different movement from that 
found in nuclear proteins. rDNA (monitored using rDNA-binding 
proteins Net1 and Rpa43 [a subunit of rRNA polymerase I] tagged 
with fluorescent protein) was also resident adjacent to the nuclear 
membrane, but not at an NVJ-proximal site in normal conditions, 
like nucleolar proteins (Figs. 1 B and S2 A). Surprisingly, rDNA 
was located farther away from the NVJ after rapamycin treatment, 
in sharp contrast to nucleolar proteins: the distance between 
the rDNA and the NVJ increased after rapamycin treatment. 
Thus, TORC1 inactivation promoted the relocation of rDNA to an 
NVJ-distal site, which probably contributed to the escape of rDNA 
from nucleophagic degradation. Collectively, TORC1 inactivation 
evoked the opposing movements of nucleolar proteins and rDNA 
to NVJ-proximal and -distal sites, respectively. We confirmed this 
idea using 3D image analysis (Fig. S5, A and B).

It might be expected that the opposing movements of nucle-
olar proteins and rDNA after TORC1 inactivation should result 
in rDNA dissociation from nucleolar proteins. rDNA (monitored 
using GFP-tagged Fob1, an rDNA-binding protein) was embed-
ded in nucleolar proteins (monitored using RFP-Nop1) in normal 
conditions (Figs. 1 C and S5 C). However, rDNA partially dissoci-
ated from nucleolar proteins after rapamycin treatment. Simi-
lar tendencies were observed using another rDNA marker, the 
Fob1-binding protein Net1 (Fig. 1 D) or another nucleolar protein 
Nop58 (not depicted). Of note, these rDNA-binding proteins 
Fob1 and Net1 were still associated with rDNA even after rapa-
mycin treatment (Fig. S3 A), indicating that these rDNA-binding 
proteins are still suitable markers for the rDNA position after 
TORC1 inactivation. In addition, a similar rDNA–nucleolar pro-
tein separation after rapamycin treatment was observed using 
the rDNA-binding protein Rpa43 (Fig. S2 B) and rDNA-lacO/
lacI-GFP system, which directly marks rDNA by GFP signals 
(Miyazaki and Kobayashi, 2011; Figs. S3 B), which were still colo-
calized with the rDNA-binding protein Net1 (namely, Rpa43 and 
rDNA-lacO/lacI-GFP were still associated with rDNA) even after 
rapamycin treatment (Figs. S2 C and S3 C). These observations 
indicated that TORC1 inactivation stimulates rDNA–nucleolar 
protein separation.

Nitrogen starvation causes TORC1 inactivation and is a nat-
ural trigger of autophagy induction (Loewith and Hall, 2011). 
We again found that nitrogen starvation promoted the access 
of nucleolar proteins to the NVJ, escape of rDNA from the NVJ, 
and rDNA–nucleolar protein separation (Fig. S4, A–C). These 
findings demonstrated that nitrogen starvation-induced TORC1 
inactivation stimulated the repositioning of nucleolar proteins 
and rDNA, probably contributing to the preferential autophagic 
degradation of nucleolar proteins and escape of rDNA from nuc-
leophagic degradation.

Cohibin is colocalized with rDNA even after TORC1 inactivation
Two complexes, cohibin (Lrs4 and Csm1) and chromosome link-
age inner nuclear membrane (INM) protein (CLIP; Heh1 and 



Mostofa et al. 
Separation of rDNA from nucleolar proteins

Journal of Cell Biology
https://doi.org/10.1083/jcb.201706164

3

Figure 1. TORC1 inactivation triggers intranuclear repositioning of nucleolar proteins and rDNA. (A) Exponentially growing cells of strain SCU3287 
(NVJ1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were treated with 200 ng/ml rapamycin for 1 h. Cell images with GFP and RFP signals were captured 
using a fluorescence microscope. Bars, 2.5 µm. The distance between Nvj1-GFP and RFP-Nop1 peaks, measured as described in Materials and methods (also 
see Fig. S1 A), is shown in the box plot. Numbers above the bars are sample sizes. P-values were calculated using a two-tailed Mann–Whitney U test. (B) Cells 
of strain SCU4433 (NVJ1-GFP NET1-mRuby2) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between the Nvj1-GFP and Net1-RFP peaks is 
shown in the box plot. (C) Cells of strain SCU359 (FOB1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were treated with rapamycin for 1 h. Bars, 2.5 µm. The 
distance between Fob1-GFP and RFP-Nop1 peaks, measured as described in Materials and methods (also see Fig. S1 C), is shown in the box plot. (D) Cells of 
strain SCU4449 (NET1-mRuby2) harboring plasmid pSCU740 (pNOP1-GFP) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between the Nop1-
GFP and Net1-RFP peaks is shown in the box plot.
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Nur1), anchor rDNA to the INM via the rDNA-binding protein 
Fob1, RENT complex (Net1–Cdc14–Sir2), and Tof2 (Mekhail et 
al., 2008; Fig. 2 A). In this study, we focused on the rDNA-teth-
ering factors cohibin and CLIP. Because rDNA was relocated to 
the NVJ-distal region after TORC1 inactivation, we suspected that 
cohibin and CLIP might be involved in these movements. Cohibin 
(monitored using Csm1-GFP) colocalized with rDNA (monitored 
using Net1-RFP) in normal conditions, and this colocalization 
was still maintained after rapamycin treatment (Fig. 2 B). Con-
versely, cohibin dissociated from nucleolar protein after rapamy-
cin treatment (Fig. 2 C), and it located farther away from the NVJ 
(Fig. 2 D), like rDNA. Thus, cohibin seemingly tethered rDNA not 
only in normal conditions but also in TORC1-inactive conditions. 
Based on these findings, it is not surprising that nucleophagic 
degradation of cohibin (Csm1-GFP and Lrs4-GFP) after rapamy-
cin treatment was not detectable (Fig. 2 E).

In contrast, CLIP (monitored using Heh1-GFP) was uniformly 
distributed throughout the nuclear membrane, but did not 
accumulate with rDNA, in the nucleolus, or at the NVJ in nor-
mal and TORC1-inactive conditions (Fig. 2 F and not depicted). 
This might result from the fact that Heh1 also mediates another 
events, e.g., nuclear pore complex quality control (Webster et al., 
2016). Because nuclear membranes are also degraded by micro- 
and macronucleophagy, CLIP that was uniformly distributed in 
the INM should be degraded by nucleophagy. This was indeed 
the case: CLIP (monitored using Heh1-GFP and Nur1-GFP) was 
degraded by nucleophagy, whereas cohibin was not (Fig. 2 G).

Cohibin is required for repositioning of rDNA and 
nucleolar proteins
Because cohibin still colocalized with rDNA even after TORC1 inac-
tivation, we assumed that cohibin is critical for the intranuclear 
repositioning of rDNA after TORC1 inactivation. The separation 
of rDNA from nucleolar proteins after rapamycin treatment was 
impeded by the loss of cohibin (Csm1, Lrs4, or both; Figs. 3 A and S6 
A). Thus, cohibin is required for rDNA separation from nucleolar 
proteins. Furthermore, the displacement of rDNA from the NVJ 
was repressed in cohibin-deficient mutants (Figs. 3 B and S6 B). 
This indicated that cohibin mediates TORC1 inactivation-induced 
rDNA repositioning. Surprisingly, loss of cohibin also hindered 
access of the nucleolar proteins to the NVJ1 after TORC1 inactiva-
tion (Figs. 3 C and S6 C). This indicated that cohibin is involved in 
repositioning of nucleolar protein after TORC1 activation.

CLIP is required for repositioning of rDNA and 
nucleolar proteins
We also assessed the involvement of CLIP in repositioning of 
rDNA and nucleolar proteins. Loss of CLIP (Heh1, Nur1, or both) 
compromised colocalization of rDNA and nucleolar proteins in 
normal conditions and the separation of rDNA from nucleolar 
proteins after rapamycin treatment, similar to the loss of cohibin 
(Figs. 4 A and S6 A). Thus, CLIP is also required for rDNA separa-
tion from nucleolar proteins after TORC1 inactivation. Further-
more, rDNA escape from the NVJ was repressed in these CLIP 
mutants (Figs. 4 B and S6 B). Thus, CLIP was also involved in 
TORC1 inactivation-induced rDNA repositioning, like cohibin. In 
addition, loss of CLIP hampered access of the nucleolar proteins 

to the NVJ1 after rapamycin treatment (Figs. 4 C and S6 C). 
Together, the cohibin–CLIP axis is critical for the repositioning 
of rDNA and nucleolar proteins after TORC1 inactivation.

Cohibin is required for nucleophagic degradation of 
nucleolar proteins
Loss of cohibin impaired the access of nucleolar proteins to the 
NVJ after TORC1 inactivation; therefore, we suspected that nuc-
leophagic degradation of nucleolar proteins should be compro-
mised by the loss of cohibin. Bulk autophagy (monitored using 
GFP-Atg8; Shintani and Klionsky, 2004) was not compromised by 
the loss of cohibin (not depicted), whereas autophagic degrada-
tion of the nucleolar proteins (monitored using Nop1-GFP) was 
substantially reduced by the loss of Lrs4 and, to a lesser extent, 
by loss of Csm1 (Fig. 5 A). Thus, cohibin was required for nucle-
ophagic degradation of the nucleolar proteins after TORC1 inac-
tivation, which was most likely caused by insufficient relocation 
of nucleolar proteins to the NVJ.

The fact that access of nucleolar proteins to the NVJ and 
nucleophagic degradation of nucleolar proteins were both 
impeded by the loss of cohibin allowed us to suspect whether 
“micronucleophagic” degradation of nucleolar proteins might 
be compromised by the loss of cohibin. We tested this idea using 
atg39Δ atg40Δ background cells that were defective in macro-
nucleophagy: namely, they were capable of micronucleophagy 
only. Indeed, micronucleophagic degradation of nucleolar pro-
teins was significantly reduced by the loss of Lrs4, although its 
reduction in csm1Δ cells was not significant (Fig. 5 B). In con-
trast, macronucleophagic degradation (in nvj1Δ background 
cells) of nucleolar proteins was not significantly reduced by 
the loss of cohibin (Fig. 5 C). Thus, cohibin was important for 
micronucleophagic (but not macronucleophagic) degradation of 
nucleolar proteins.

Nvj1 itself is degraded during micronucleophagy, and thereby 
Nvj1-GFP is used for micronucleophagy assay (Krick et al., 2008). 
Micronucleophagy (monitored using Nvj1-GFP) after rapamycin 
treatment was not hindered in cohibin mutants (Fig.  5  D). In 
addition, macronucleophagy itself (monitored using Atg39-GFP) 
was not impeded by the loss of cohibin (Fig. 5 E). Thus, cohibin is 
not required for either micronucleophagy or macronucleophagy.

CLIP is required for nucleophagic degradation of 
nucleolar proteins
Next, we tested whether CLIP is also involved in nucleophagic 
degradation of nucleolar proteins. Again, we found that loss of 
CLIP compromised the nucleophagic degradation of nucleolar 
proteins (Nop1-GFP), but not Nvj1-GFP, Atg39-GFP, or GFP-Atg8 
(Fig. 6, A–C; and not depicted). Thus, CLIP was required for the 
nucleophagic degradation of nucleolar proteins, but not nucleo-
phagy (macro- and micronucleophagy) itself or bulk autophagy. 
Collectively, the CLIP–cohibin axis was required for the nucleop-
hagic degradation of nucleolar proteins.

rDNA escapes from nucleophagic degradation in CLIP- or 
cohibin-deficient cells
The rDNA-binding protein Rpa43 was not degraded by auto-
phagy/nucleophagy after TORC1 inactivation in the WT cells, 
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Figure 2. Cohibin is colocalized with rDNA even after TORC1 inactivation. (A) A model of the CLIP–cohibin rDNA tethering system to the INM. The CLIP 
complex consists of Heh1 and Nur1, and the cohibin complex is composed of Csm1 and Lrs4. The RENT complex contains Net1, Cdc14, and Sir2. See the text for 
details. (B) Cells of strain SCU4922 (CSM1-GFP NET1-mRuby2) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between Csm1-GFP and Net1-
RFP peaks is shown in the box plot. (C) Cells of strain SCU1502 (CSM1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were treated with rapamycin for 1 h. 
Bars, 2.5 µm. The distance between the Csm1-GFP and RFP-Nop1 peaks is shown in the box plot. (D) Exponentially growing cells of strain SCU4794 (CSM1-GFP 
NVJ1-mRuby2) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between the Csm1-GFP and Nvj1-RFP peaks is shown in the box plot. (E) Cells 
of strains SCU1502 (CSM1-GFP) and SCU1555 (LRS4-GFP) were treated with 200 ng/ml rapamycin for 6 h. Cells of strain SCU3287 (NVJ1-GFP) were used as a 
positive control for free GFP production from fusion proteins, the indicator of autophagic degradation. Whole-cell extracts were subjected to immunoblotting 
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similar to cohibin, because no free GFP was detected after rapa-
mycin treatment (Fig. 7, A and B). This supported the fact that 
rDNA can escape from nucleophagy. We noted that the protein 
levels of Rpa43-GFP decreased after TORC1 inactivation, even 
though no free GFP was detected. This suggested that another 
degradative pathway (probably the ubiquitin–proteasome sys-
tem) degrades Rpa43. This idea was confirmed by a finding that 
the proteasome inhibitor MG132 in combination with 0.003% 
SDS (in pdr5Δ background cells; Liu et al., 2007) repressed the 
decrease in Rpa43-GFP after rapamycin treatment (Fig. S6 D). 
This indicated that the ubiquitin–proteasome system promotes 
Rpa43 degradation after rapamycin treatment.

Because rDNA–nucleolar protein dissociation was impaired 
in cohibin and CLIP mutant cells after TORC1 inactivation, we 
wondered whether rDNA was accidentally degraded by nucle-
ophagy in these mutant cells. However, no nucleophagic deg-
radation of the rDNA marker Rpa43-GFP was found even in 
cells lacking cohibin or CLIP (Fig. 7, A and B). This suggested 
that rDNA escapes from nucleophagic degradation even if rDNA 
is not properly dissociated from nucleolar proteins by the loss 
of the CLIP–cohibin axis. To assess this, chromosome stabil-
ity after rapamycin treatment was determined by pulsed-field 
gel electrophoresis (PFGE) analysis (Kobayashi et al., 2004). 
In S. cerevisiae, ∼150 rDNA repeats are tandemly arranged on 
chromosome XII (Chr. XII), which is the longest chromosome 
in yeast. Loss of cohibin or CLIP resulted in marked changes in 
rDNA copy number, leading to fluctuations in Chr. XII length 
(Mekhail et al., 2008; Fig. 7 C). However, Chr. XII showed no fur-
ther instability after rapamycin treatment in the WT, heh1, and 
lrs4Δ cells. This confirmed that Chr. XII, including rDNA repeats 
in cells lacking the CLIP–cohibin axis, was not injured by nuc-
leophagy after TORC1 inactivation. In addition, no DNA damage 
(monitored using the formation of Mre11 foci) occurred after 
rapamycin treatment, not only in the WT cells but also in cells 
lacking CLIP or cohibin, although Mre11 foci were generated in 
cells treated with the DNA-damaging agent methyl methanesul-
fonate (MMS), which was used as the positive control (Fig. 7, D 
and E). It could be suspected that rapamycin represses the DNA 
damage response, even if DNA damage occurs. We demonstrated 
that this was not the case because MMS-induced Mre11 focus 
formation was not impaired by rapamycin addition (Fig. 7, D and 
E). Thus, rDNA dissociation defects in CLIP- or cohibin-deficient 
cells caused impaired nucleophagic degradation of nucleolar 
proteins but no rDNA damage/degradation.

Nucleophagy is required for the repositioning of rDNA and 
nucleolar proteins
What produces the force for repositioning of rDNA and nucle-
olar proteins after TORC1 inactivation? We doubted whether 
nuclear deformation induced by nucleophagy at the NVJ 
promoted repositioning. To test this idea, we first estimated 
rDNA–nucleolar protein dissociation in atg1Δ cells in which 

no autophagic activity is detected. Loss of Atg1 compromised 
rDNA–nucleolar protein dissociation (Fig. 8 A). Furthermore, 
the dissociation was significantly repressed in micronuc-
leophagy-deficient nvj1Δ cells, but not in macronucleoph-
agy-deficient atg39Δ atg40Δ cells. These findings indicate 
that micronucleophagy is required for rDNA–nucleolar pro-
tein dissociation.

We next assessed whether micronucleophagy is also required 
for the opposing movements of nucleolar proteins and rDNA 
after TORC1 inactivation. Micronucleophagy defects caused by 
the loss of Vac8 hindered the access of nucleolar proteins to the 
NVJ after rapamycin treatment (Figs. 8 B and S1 B). Of note, Nvj1–
Vac8 interaction is essential for micronucleophagy, but not for 
NVJ formation: the nucleus still contacted to the vacuole even in 
the absence of Vac8, although accumulation of Nvj1 at the NVJ 
was abolished, as described previously (Kvam and Goldfarb, 
2004). Additionally, deficiency of micronucleophagy abrogated 
the displacement of rDNA from the NVJ after rapamycin treat-
ment (Fig. 8 C). Collectively, these results show that micronuc-
leophagy is required for the repositioning of nucleolar proteins 
and rDNA after TORC1 inactivation.

Spatiotemporal dynamics of the repositioning of nucleolar 
proteins and rDNA after TORC1 inactivation
First, we suspected that the repositioning of nucleolar proteins 
and rDNA after TORC1 inactivation should be a prerequisite for 
nucleophagic degradation of nucleolar proteins and protection 
of rDNA against nucleophagic degradation. It was indeed the 
case: the repositioning of nucleolar proteins and rDNA already 
occurred after 1 h of TORC1 inactivation (as mentioned above), 
although autophagy is not significantly induced after 1  h of 
nutrient starvation and TORC1 inactivation (Takeshige et al., 
1992). We further monitored temporal and spatial dynamics of 
the separation of rDNA and nucleolar proteins and the access 
of nucleolar proteins to the NVJ up to 6 h after rapamycin treat-
ment (Fig.  9, A and B), because nucleophagic degradation of 
nucleolar proteins (monitored by Nop1-GFP processing) was 
almost completed after 5 h of rapamycin treatment (Fig. 5, A 
and B). Nop1-GFP was markedly degraded after 5 h of rapamy-
cin treatment (Fig. 5, A and B), and nucleolar Nop1 signals were 
markedly decreased in cells after 6 h of rapamycin treatment 
(Fig. 9, C and D). The budding yeast S. cerevisiae possesses a sin-
gle nucleolus in the cell, and the single nucleolar protein signal 
in the cell did not separate into smaller signals with up to 6 h of 
rapamycin treatment (Fig. 9, C and D; and not depicted). This 
suggested that a portion of the single cluster of nucleolar pro-
teins might be gradually and partially degraded by nucleophagy 
after TORC1 inactivation.

In the WT cells, the separation of rDNA and nucleolar 
proteins already occurred after 1  h of rapamycin treatment 
(Fig. 1 C), but the separation did not gradually increase after 
rapamycin treatment (Fig.  9  A). Conversely, the access of 

using an anti-GFP antibody. Pgk1 was detected as the loading control using an anti-Pgk1 antibody. (F) Cells of strain SCU4780 (NVJ1-GFP HEH1-mRuby2) were 
treated with rapamycin for 1 h. Bars, 2.5 µm. (G) Cells of strains SCU3287 (NVJ1-GFP; the positive control), SCU4205 (HEH1-GFP), and SCU4222 (NUR1-GFP) 
were treated with rapamycin for 6 h. Whole-cell extracts were subjected to Western blotting.
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Figure 3. Cohibin is required for repositioning of rDNA and nucleolar proteins. (A) Cells of strains SCU359 (FOB1-GFP), SCU4431 (csm1Δ FOB1-GFP), and 
SCU4798 (lrs4Δ FOB1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between the Fob1-GFP 
and RFP-Nop1 peaks is shown in the box plot. (B) Cells of strains SCU4433 (NVJ1-GFP NET1-mRuby2), SCU4782 (csm1Δ NVJ1-GFP NET1-mRuby2), and SCU4841 
(lrs4Δ NVJ1-GFP NET1-mRuby2) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between the Nvj1-GFP and Net1-RFP peaks is shown in the box 
plot. (C) Cells of strains SCU3287 (NVJ1-GFP), SCU4790 (csm1Δ NVJ1-GFP), and SCU4800 (lrs4Δ NVJ1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were 
treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between the Nvj1-GFP and RFP-Nop1 peaks is shown in the box plot.
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Figure 4. CLIP is required for repositioning of rDNA and nucleolar proteins. (A) Cells of strains SCU359 (FOB1-GFP), SCU4768 (heh1Δ FOB1-GFP), and 
SCU4429 (nur1Δ FOB1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between the Fob1-GFP 
and RFP-Nop1 peaks is shown in the box plot. (B) Cells of strains SCU4433 (NVJ1-GFP NET1-mRuby2), SCU4766 (heh1Δ NVJ1-GFP NET1-mRuby2), and SCU4758 
(nur1Δ NVJ1-GFP NET1-mRuby2) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between Nvj1-GFP and Net1-RFP peaks is shown in the box 
plot. (C) Cells of strains SCU3287 (NVJ1-GFP), SCU4764 (heh1Δ NVJ1-GFP), and SCU4756 (nur1Δ NVJ1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were 
treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between the Nvj1-GFP and RFP-Nop1 peaks is shown in the box plot.
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nucleolar proteins to the NVJ also started after 1 h of rapamy-
cin treatment (Fig. 1 A), and the access gradually increased after 
rapamycin treatment (Fig. 9 B, WT). However, the repositioning 
was abolished in heh1Δ or lrs4Δ cells even after 6 h of rapamycin 
treatment (Fig. 9, A and B). This suggested that loss of CLIP or 
cohibin abolishes, and not merely inhibits, the repositioning of 
nucleolar proteins and rDNA after TORC1 inactivation. In addi-
tion, the repositioning of nucleolar proteins was completely 
abolished in vac8Δ cells even after 6 h of rapamycin treatment 
(Fig. 9 B). This suggested that loss of micronucleophagy abol-
ishes the repositioning of nucleolar proteins and rDNA after 
TORC1 inactivation.

The CLIP–cohibin axis is required for survival during 
nutrient starvation
Loss of the core autophagy component Atg1 rapidly reduced 
cell survivability during nitrogen starvation (Tsukada and 
Ohsumi, 1993), indicating that autophagy induction after 
nutrient starvation is critical for cell survival. Cells lacking 
Atg39 were susceptible to long-term nitrogen deprivation, 
suggesting that Atg39-dependent macronucleophagy is criti-
cal for survival in nutrient starvation conditions (Mochida et 
al., 2015; Fig. 10 A). We found that loss of Nvj1 also decreased 
cell survivability during nitrogen starvation, suggesting 
that Nvj1-dependent micronucleophagy is also important for 

Figure 5. Cohibin is required for nucleophagic degradation of nucleolar proteins. (A) Cells of strains BY4741 (WT), SCU2761 (csm1Δ), and SCU4885 (lrs4Δ) 
harboring plasmid pSCU740 (NOP1-GFP) were treated with rapamycin for 5 h. Whole-cell extracts were subjected to Western blotting. Free GFP processed from 
GFP-tagged protein after rapamycin treatment was measured using ImageJ and quantified by calculating the ratio of cleaved free GFP to uncleaved full-length 
protein. (B) Cells of strains US356 (WT), SCU4575 (atg39Δ atg40Δ), SCU5037 (atg39Δ atg40Δ csm1Δ), and SCU5039 (atg39Δ atg40Δ lrs4Δ) harboring plasmid 
pSCU740 (NOP1-GFP) were treated with rapamycin for 5 h. Whole-cell extracts were subjected to Western blotting. (C) Cells of strains US356 (WT), SCU4514 
(nvj1Δ), SCU5041 (nvj1Δ csm1Δ), and SCU5043 (nvj1Δ lrs4Δ) harboring plasmid pSCU740 (NOP1-GFP) were treated with rapamycin for 5 h. Whole-cell extracts 
were subjected to Western blotting. (D) Cells of strains SCU3287 (NVJ1-GFP), SCU4790 (csm1Δ NVJ1-GFP), and SCU4800 (lrs4Δ NVJ1-GFP) were treated with 
rapamycin for 5 h. Whole-cell extracts were subjected to Western blotting. (E) Cells of strains SCU5143 (ATG39-GFP), SCU5145 (csm1Δ ATG39-GFP), and SCU5147 
(lrs4Δ ATG39-GFP) were treated with rapamycin for 5 h. Whole-cell extracts were subjected to Western blotting. The mean (± SD) was determined from three inde-
pendent experiments, and relative values normalized against the value in control cells are shown. The p-values were calculated using two-tailed Student's t test.
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survival in nutrient-deprived conditions (Fig.  10  A). Thus, 
both micro- and macronucleophagy should be required for 
cell viability. Because the CLIP–cohibin axis is important for 
nucleophagic degradation of nucleolar proteins, we suspected 
that this axis is critical for cell survival during starvation. 
Indeed, cells lacking cohibin or CLIP also lost cell viability 
after nitrogen starvation (Fig.  10 A). This indicated that the 
CLIP–cohibin axis is critical for cell survival during starvation 
and suggested that CLIP–cohibin-dependent nucleophagic 

degradation of nucleolar proteins is critical for adaptation to 
nutrient starvation.

Discussion
In this study, we showed several important findings: (a) TORC1 
inactivation promoted opposing movements of nucleolar pro-
teins and rDNA, namely, access of nucleolar proteins to the NVJ 
and displacement of rDNA from the NVJ, resulting in rDNA–
nucleolar protein dissociation; (b) the rDNA-tethering CLIP–
cohibin system mediated these movements; and (c) micronuc-
leophagy also promoted this repositioning (Fig. 10, B and C).

We assumed that after TORC1 inactivation, rDNA is probably 
relocalized to the NVJ-distal region along the INM via the CLIP–
cohibin system. It is unknown how rDNA is directed toward the 
NVJ-distal region. What kind of factor determines this direction 
of movement? Such a factor might be controlled in the context 
of the vacuolar position, namely the NVJ. Here, we also found 
that loss of CLIP or cohibin impaired the access of nucleolar pro-
teins to the NVJ after TORC1 inactivation, suggesting that the 
CLIP–cohibin axis is involved in nucleolar protein repositioning 
after TORC1 inactivation, albeit with no information as to a teth-
ering system for nucleolar proteins to the INM. Alternatively, 
nucleolar protein repositioning after TORC1 inactivation may 
be indirectly dependent on nucleoplasm/chromosome reposi-
tioning. If dynamic changes in nuclear shape and size occurred 
after TORC1 inactivation, they also might influence the reposi-
tioning of rDNA and nucleolar proteins. We measured nuclear 
shape and size before and after rapamycin treatment and could 
not detect significant changes in them after rapamycin treatment 
(Fig. S7, A–D). This suggested that the repositioning of rDNA and 
nucleolar proteins was not caused by dynamic changes in nuclear 
shape and size.

It is not surprising that when the access of nucleolar pro-
teins to the NVJ is not properly achieved by CLIP or cohibin 
deficiency, nucleophagic (especially, micronucleophagic) deg-
radation of nucleolar proteins is repressed, although nucleoph-
agy itself seems to occur efficiently (Fig. 5, A–E; and Fig. 6, A–C). 
In this case, rDNA was not still degraded by nucleophagy. This 
suggested that the CLIP–cohibin system is required for rDNA/
nucleolar protein repositioning after TORC1 inactivation but that 
it is not essential for rDNA escape from nucleophagy. We noted 
that rDNA (and nucleolar proteins) was still resident near the 
nuclear membrane in cohibin- or CLIP-deficient cells (Fig. 3, B 
and C; and Fig. 4, B and C). This suggested that another system 
might tether rDNA to the INM. Nevertheless, the nuclear mem-
brane (monitored using Nvj1-GFP and Atg39-GFP), but not rDNA, 
was degraded by nucleophagy (Fig. 7, C–E). This suggested that 
rDNA may still escape from the INM just before the execution of 
nucleophagy, which guarantees rDNA escape from nucleophagic 
degradation even if the CLIP–cohibin system suffers dysfunction. 
In this study, we found no connection between rDNA–nucleolar 
repositioning and macronucleophagy. It is largely unknown how 
and where macronucleophagy occurs on the nuclear envelope. 
Even if macronucleophagy can occur everywhere on the nuclear 
membrane, rDNA was able to escape from macronucleophagy if 
it detached from the INM before nuclear blebbing.

Figure 6. CLIP is also required for nucleophagic degradation of nucleolar 
proteins. (A) Cells of strains BY4741 (WT), SCU4419 (heh1Δ), and SCU4400 
(nur1Δ) harboring plasmid pSCU740 (NOP1-GFP) were treated with rapamy-
cin for 5 h. Whole-cell extracts were subjected to Western blotting. (B) Cells 
of strains SCU3287 (NVJ1-GFP), SCU4764 (heh1Δ NVJ1-GFP), and SCU4756 
(nur1Δ NVJ1-GFP) were treated with rapamycin for 5 h. (C) Cells of strains 
SCU5143 (ATG39-GFP), SCU5149 (heh1Δ ATG39-GFP), and SCU5151 (nur1Δ 
ATG39-GFP) were treated with rapamycin for 5 h. Whole-cell extracts were 
subjected to Western blotting.



Mostofa et al. 
Separation of rDNA from nucleolar proteins

Journal of Cell Biology
https://doi.org/10.1083/jcb.201706164

11

Figure 7. rDNA escapes from nucleophagic degradation in CLIP- or cohibin-deficient cells. (A) Cells of strains SCU366 (RPA43-GFP), SCU4770 (heh1Δ 
RPA43-GFP), and SCU4916 (nur1Δ RPA43-GFP) were treated with rapamycin for 6 h. Whole-cell extracts were subjected to Western blotting. (B) Cells of 
strains SCU366 (RPA43-GFP), SCU4918 (csm1Δ RPA43-GFP), and SCU4920 (lrs4Δ RPA43-GFP) were treated with rapamycin for 6 h. Whole-cell extracts 
were subjected to Western blotting. (C) PFGE analysis to monitor rDNA stability in the rapamycin-treated cells. Three independent colonies of strains the WT 
(BY4741), SCU4419 (heh1Δ), and SCU4885 (lrs4Δ) were used. Exponentially growing cells were treated with rapamycin for 6 h. After PFGE, the gel was stained 
with ethidium bromide. Positions of chromosome XII that has the rDNA are indicated by arrowheads. M, size marker (H. wingei). (D) Cells of strains SCU2139 
(MRE11-GFP), SCU4762 (heh1Δ MRE11-GFP), and SCU4926 (nur1Δ MRE11-GFP) were treated with rapamycin for 3 h or 0.1% MMS for 1 h. Arrowheads indicate 
Mre11 foci. Bars, 2.5 µm. Cells with Mre11-GFP foci were counted in each experiment (>200 cells) and the mean value (± SD) obtained from three independent 
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We also found that micronucleophagy itself was required for 
proper repositioning of nucleolar proteins and rDNA after TORC1 
inactivation (Fig. 8, A–C). We assumed that micronucleophagy-in-
duced nuclear deformation (invagination of the nuclear envelope 
into the vacuole) promoted this repositioning. Nuclear projection 
already started in cells 1 h after rapamycin treatment (Fig. S7 E), 
when the repositioning of nucleolar proteins and rDNA occurred. 
Alternatively, micronucleophagy may promote the movements of 
nucleolar proteins and rDNA independently of nuclear deforma-
tion. These distinct possibilities remain to be examined.

In mammalian cells, macronucleophagy and micronucleop-
hagy similar to the processes found in budding yeast have not 
been found. In addition, there is no information about mamma-
lian counterparts of Nvj1 and Atg39. However, macroautophagy 
eliminated aberrant micronuclei (Rello-Varona et al., 2012), sug-
gesting that the activity of autophagic elimination of the nucleus 
is also conserved in mammals. Additionally, several mammalian 
autophagy proteins are present in the nucleus, including Atg8/
LC3, Atg5, and Atg7 (Drake et al., 2010; Shoji et al., 2010; Lee et 
al., 2012; Simon et al., 2014; Dou et al., 2015; Huang et al., 2015), 
although whether they are involved in nucleophagy is unclear. 
Upon starvation, mammalian cells no longer need nucleolar 
proteins (not only Ribi proteins but also preribosomes under 
construction), like yeast cells. The degradation of these proteins 
and subsequent nutrient recycling should be beneficial for sur-
vival in starvation conditions. We anticipated that mammalian 
nucleolar proteins are similarly degraded by nucleophagy upon 
nutrient starvation and TORC1 inactivation. This study might 
establish new perspectives in mammalian nucleophagy.

Materials and methods
Strains, plasmids, and media
S. cerevisiae strains and plasmids used are listed in Tables S1 and 
S2, respectively. Glucose-containing yeast-peptone-dextrose 
medium with 0.01% adenine (YPAD) and synthetic minimal 
medium complemented with the appropriate nutrients for plas-
mid maintenance were prepared using standard methods. For 
assessment of autophagy, when cells harbored plasmids, cells 
were precultured in synthetic minimal medium with the appro-
priate nutrients and then cultured in YPAD. For nitrogen-starva-
tion experiments, cells were transferred into synthetic minimal 
medium without ammonium sulfate (SD-N medium).

Western blotting analysis
Exponentially growing cells were used for experiments. Proteins 
were extracted using a postalkaline extraction method in accor-
dance with a previous study (Kushnirov, 2000). In brief, cells 
(10 ml culture, OD600 = 0.2–0.8) were treated with 200 µl of 0.1 M 
NaOH for 5 min, and the pellet was collected by centrifugation. 
The pellet was resuspended in sample buffer (60 mM Tris-HCl, 
pH 6.8, 5% glycerol, 2% SDS, 4% 2-mercaptoethanol, and 0.0025% 

bromophenol blue) at 95°C for 5 min. Crude extracts were cleared 
by centrifugation, and the supernatant was used for Western 
blotting analysis. We used anti-GFP mouse monoclonal antibody 
(sc-9996; Santa Cruz) and an anti-Pgk1 mouse monoclonal anti-
body (A-6457; Thermo Fisher Scientific). Chemiluminescence 
signals from Western BLoT Quant HRP Substrate (DS-T7102; 
Takara Bio) for HRP and Immuno Shot (IS-012-250; Cosmo Bio) 
as an immunoreaction enhancer solution were detected using an 
image analyzer (LAS3000mini; Fuji). All Western blotting exper-
iments were performed independently at least three times to con-
firm the reproducibility of the results. Relative protein amounts 
were measured using ImageJ (National Institutes of Health). The 
mean and SD were determined for each sample from three inde-
pendent experiments, and relative values normalized against the 
value in control cells are shown. For statistical analysis, p-values 
were calculated using two-tailed Student’s t test.

Microscope observations
Exponentially growing cells were used for experiments. Cell, 
GFP, and RFP images were captured using a Axio Imager M1 
microscope with a cooled CCD camera (AxioCam MRm; Carl 
Zeiss). All microscope observations were performed inde-
pendently at least three times to confirm the reproducibility 
of the results.

For the determination of distances between rDNA and the NVJ, 
we used cells expressing Net1-RFP and Nvj1-GFP. We performed 
line scanning along a straight line passing through the middle 
point of the Nvj1-GFP signals and the brightest point of Net1-RFP 
signals (Fig. S1 A). We measured the distance between the fluo-
rescence peaks of Nvj1-GFP and Net1-RFP by line scanning using 
a microscope and imaging software (Fig. S1 A, right). When we 
determined the distance between nucleolar proteins and the NVJ, 
we similarly measured distances between the fluorescence peaks 
of Nvj1-GFP and RFP-Nop1. In the case of vac8Δ cells, Nvj1 did not 
accumulate in the NVJ, but instead the nuclear membrane and the 
vacuolar membrane still contacted each other. Considering Nvj1-
GFP signals and bright-field images of vacuolar membranes, we 
determined the nuclear–vacuolar contact site. We drew a straight 
line passing through the middle point of the contact site and the 
brightest point of Net1-RFP signals (Fig. S1 B). For determination 
of the distance between nucleolar proteins and rDNA, we used 
cells expressing RFP-Nop1 and Fob1-GFP. We drew a straight line 
passing through the brightest points of RFP-Nop1 and Fob1-GFP 
signals and measured the distance between the fluorescence 
peaks (Fig. S1 C). All data from three independent experiments 
are shown as box plots. For statistical analysis, p-values were cal-
culated using a two-tailed Mann–Whitney U test.

3D analysis of GFP and RFP signals
Exponentially growing cells were used for experiments. GFP 
and RFP images were collected using a DeltaVision Core micro-
scope (Applied Precision) with CoolSNAP HQ2 CCD camera 

experiments is shown as a percentage. (E) Cells of strains SCU2139 (MRE11-GFP), SCU4786 (csm1Δ MRE11-GFP), and SCU4924 (lrs4Δ MRE11-GFP) were treated 
with 200 ng/ml rapamycin for 3 h, 0.1% MMS for 1 h, or MMS together with rapamycin for 1 h. Arrowheads indicate Mre11 foci. Bars, 2.5 µm. Cells with Mre11-
GFP foci were counted in each experiment (>200 cells) and the mean value (± SD) obtained from three independent experiments is shown as a percentage.
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(Photometrics) as a stack of pictures, which were deconvolved. 
The distance between GFP and RFP signals was measured using 
Imaris software (Bitplane). All data from three independent 
experiments are shown as box plots. For statistical analysis, 
p-values were calculated using two-tailed Mann–Whitney U test.

Chromatin immunoprecipitation (ChIP) assay
Exponentially growing cells of  the tandem affinity purifi-
cation (TAP)–tagged Fob1 (FOB1-TAP) and Net1 (NET1-TAP) 
strains were used for the ChIP assay. Cells were cultured in 
YPAD medium and treated with rapamycin for 1  h. ChIP 

Figure 8. Nucleophagy is required for the repositioning of nucleolar proteins and rDNA. (A) Cells of strains SCU5056 (NET1-GFP), SCU5019 (atg1Δ NET1-
mRuby2), SCU5021 (atg39Δ atg40Δ NET1-GFP), and SCU5023 (nvj1Δ NET1-GFP) harboring plasmid pSCU740 (pNOP1-GFP) or pSCU618 (pRFP-NOP1) were 
treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between Net1 and Nop1 fluorescent peaks is shown in the box plot. (B) Cells of strains SCU3287 
(NVJ1-GFP) and SCU5153 (vac8Δ NVJ1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between 
Nvj1-GFP and RFP-Nop1 peaks measured as described in Materials and methods (also see Fig. S1 B) is shown in the box plot. (C) Cells of strains SCU4433 
(NVJ1-GFP NET1-mRuby2) and SCU4435 (vac8Δ NVJ1-GFP NET1-mRuby2) were treated with rapamycin for 1 h. Bars, 2.5 µm. The distance between Nvj1-GFP 
and Net1-RFP peaks is shown in the box plot.



Mostofa et al. 
Separation of rDNA from nucleolar proteins

Journal of Cell Biology
https://doi.org/10.1083/jcb.201706164

14

assay was performed as described previously (Johzuka and 
Horiuchi, 2007). rDNA region containing Fob1-binding site 
was amplified using the following primers: forward, 5′-GTG 
AAA GGA TTT GCC CGG ACA GTT TG-3′, and reverse, 5′-AGT AGC 
CTC ATC CTT TTA CGC TGC CT-3′. DNA contents in the input and 
immunoprecipitation samples were analyzed by real-time 

PCR using a Thermal Cycler Dice (Takara Bio) and SYBR pre-
mix EX Taq (Takara Bio). WT strain without TAP tag (BY4741) 
was used as a control. Experiments were performed in trip-
licate to achieve reproducibility. DNA content in each immu-
noprecipitation sample relative to that of its input sample is 
shown as mean ± SD.

Figure 9. Spatiotemporal dynamics of the repositioning of nucleolar proteins and rDNA after TORC1 inactivation. (A) Cells of strains SCU359 (FOB1-
GFP), SCU4798 (lrs4Δ FOB1-GFP), and SCU4768 (heh1Δ FOB1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were treated with rapamycin for up to 6 h. Cell 
images with GFP and RFP signals were captured using a fluorescence microscope. The distance between Fob1-GFP and RFP-Nop1 peaks, measured as described 
in Materials and methods (also see Fig. S1 C) is shown in the box plot. Numbers above the bars are sample sizes. Significant differences (#, P < 0.0001) between 
rapamycin-treated cells and nontreated control cells (time 0 h) were calculated using two-tailed Mann–Whitney U test. (B) Cells of strains SCU3287 (NVJ1-
GFP), SCU4800 (lrs4Δ NVJ1-GFP), SCU4764 (heh1Δ NVJ1-GFP), and SCU5153 (vac8Δ NVJ1-GFP) harboring plasmid pSCU618 (pRFP-NOP1) were treated with 
rapamycin for up to 6 h. Cell images with GFP and RFP signals were captured using a fluorescence microscope. The distance between Nvj1-GFP and RFP-Nop1 
peaks, measured as described in Materials and methods (also see Fig. S1 A) is shown in the box plot. Numbers above the bars are sample sizes. Significant dif-
ferences (#, P < 0.01; ##, P < 0.0001) between rapamycin-treated cells and nontreated control cells (time 0 h) were calculated using two-tailed Mann–Whitney 
U test. (C and D) Representative cell images with GFP and RFP signals in the WT cells treated with rapamycin for 6 h and without rapamycin. Bars, 2.5 µm.
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Cell viability assay
Cell viability was assessed as described previously (Suzuki et al., 
2011). In brief, exponentially growing cells were shifted to SD-N 
medium and incubated for 7 d. Dead cells were stained with 2 
µg/ml phloxine B (Sigma-Aldrich). Fluorescence microscopy was 
performed with a FITC filter. More than 100 cells were examined 
for each strain, and the proportion of phloxine-positive (dead) 
cells to total cells observed per bright-field image was calculated. 
All data (mean ± SD) from three independent experiments are 
shown. For statistical analysis, p-values were calculated using 
two-tailed Student’s t test.

PFGE
Cells of strains WT (BY4741), SCU4419 (heh1Δ), and SCU4885 
(lrs4Δ) were inoculated to YPAD plates and incubated for 2 d. 
Three independent colonies were picked up and incubated in 
YPAD medium. Exponentially growing cells (∼108 cells) were 
treated with rapamycin for 6  h. PFGE was performed as pre-
viously described (Kobayashi et al., 2004). Genomic DNA was 

prepared in low-melting-temperature agarose plugs. Condi-
tions of electrophoresis were 300–900-s pulse time, 100 V for 
68 h at 14°C, in 1% agarose gel in 0.5× TBE (CHEF Mapper XA; 
Bio-Rad). The angle was 120°. Hansenula wingei chromosomal 
DNA size marker (Bio-Rad) was also loaded. After electropho-
resis, the gel was stained with 0.5 µg/ml ethidium bromide 
and photographed.

Online supplemental material
Fig. S1 shows the procedures to measure distances between rDNA, 
nucleolar proteins, and the NVJ. Fig. S2 demonstrates that Rpa43 
moves far from the NVJ and dissociates from nucleolar proteins 
after TORC1 inactivation. Fig. S3 shows profiling of several rDNA 
markers after TORC1 inactivation. Fig. S4 shows that nitrogen 
starvation promotes intranuclear repositioning of nucleolar pro-
teins and rDNA. Fig. S5 demonstrates 3D analysis of the relocation 
of nucleolar proteins to the NVJ and rDNA escape from the NVJ 
after TORC1 inactivation. Fig. S6 shows that the CLIP–cohibin 
axis is required for the relocation of rDNA and nucleolar proteins 

Figure 10. The CLIP–cohibin axis is required for survival during nitrogen starvation. (A) Strains BY4741 (WT), SCU3365 (atg1Δ), SCU3368 (nvj1Δ), SCU4325 
(atg39Δ), SCU4419 (heh1Δ), SCU4400 (nur1Δ), SCU2761 (csm1Δ), and SCU4885 (lrs4Δ) were used. Exponentially growing cells were subjected to nitrogen 
starvation for 7 d. Dead cells were stained with 2 µg/ml phloxine B. Cells stained with phloxine B counted as dead cells in each experiment (>100 cells), and 
the mean value (± SD) obtained from three independent experiments is shown as a percentage. Significant differences (#, P < 0.001) between mutants and the 
WT were calculated using two-tailed Student's t test. (B) A cartoon for the movements of nucleolar proteins (nucleoli) and rDNA after TORC1 inactivation. CLIP, 
cohibin, and nucleophagy are required for this repositioning. (C) A hypothetical model for rDNA and nucleolar protein repositioning after TORC1 inactivation in 
the context of nucleophagy. The CLIP–cohibin axis is required for the repositioning. Micronucleophagy is necessary not only for nucleolar protein degradation 
but also for the preceding repositioning. See the text for details.
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after TORC1 inactivation and that Rpa43 is degraded in a protea-
some-dependent manner. Fig. S7 shows an assessment of nuclear 
shape change and size after TORC1 inactivation and nuclear 
invagination during micronucleophagy. Table S1 shows strains 
used in this study. Table S2 shows plasmids used in this study.
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